The epithelia covering mucosal surfaces are primary sites of interaction between pathogens and mammalian hosts. Mucosal cells sense the presence of flagellated bacteria in part by detection of flagellin, the major structural protein of the flagellum. It is unclear why bacteria shed flagellae, but once they are shed, flagellae depolymerize, releasing flagellin monomers into the local environment. Flagellin is highly immunogenic, and mucosal immune responses to flagellated bacteria are directed in part against this protein. In mammalian hosts, conserved sequences of flagellin in both gram-positive and gram-negative bacteria are recognized by the innate immune receptor Toll-like receptor 5 (TLR5) [1, 2] . Epithelial cells of the intestine and airways express TLR5 and can respond to conserved regions at both the amino and carboxy termini of flagellins [3] [4] [5] . Ligand recognition by TLR5 triggers innate responses through induction of signaling pathways that modulate transcription of genes dependent on nuclear factor-B and mitogen-activated protein kinases, such as p38, c-Jun NH 2 -terminal kinase, and extracellular signalregulated kinase 1 and 2 [6] . In epithelial cells, this results in production of cytokines and chemokines that modulate the functions of subepithelial mucosal cells [4] .
The epithelia covering mucosal surfaces are primary sites of interaction between pathogens and mammalian hosts. Mucosal cells sense the presence of flagellated bacteria in part by detection of flagellin, the major structural protein of the flagellum. It is unclear why bacteria shed flagellae, but once they are shed, flagellae depolymerize, releasing flagellin monomers into the local environment. Flagellin is highly immunogenic, and mucosal immune responses to flagellated bacteria are directed in part against this protein. In mammalian hosts, conserved sequences of flagellin in both gram-positive and gram-negative bacteria are recognized by the innate immune receptor Toll-like receptor 5 (TLR5) [1, 2] . Epithelial cells of the intestine and airways express TLR5 and can respond to conserved regions at both the amino and carboxy termini of flagellins [3] [4] [5] . Ligand recognition by TLR5 triggers innate responses through induction of signaling pathways that modulate transcription of genes dependent on nuclear factor-B and mitogen-activated protein kinases, such as p38, c-Jun NH 2 -terminal kinase, and extracellular signalregulated kinase 1 and 2 [6] . In epithelial cells, this results in production of cytokines and chemokines that modulate the functions of subepithelial mucosal cells [4] .
Our previous study demonstrated that TLR5 is expressed by cells in the follicle-associated epithelium (FAE) covering lymphoid follicles of the mucosa-associated lymphoid tissues (MALT) of Peyer's patches (PPs) in mice [7] . The function of the FAE is distinct from that of other types of mucosal epithelia because the FAE contains M cells that transport and deliver luminal microorganisms and macromolecules into MALT, where adaptive mucosal immune responses are initiated. Optimal mucosal uptake of antigens in organized MALT depends on the collaboration of the FAE with subepithelial dendritic cells (DCs), the central coordinators of adaptive immunity. Specific mucosal subpopulations of immature DCs are clustered in the subepithelial space below the FAE, increasing the efficiency of antigen capture in organized MALT [8] . It is known that flagellin can stimulate production of the chemokine CCL20 by the FAE [5] and that this chemokine attracts DCs that express CCR6 into the subepithelial dome region of PPs [9] . In addition, flagellin induces the maturation of subepithelial DCs that express TLR5 [10] , promoting their migration to T cell zones within the mucosa and/or in draining lymph nodes, where they can present antigens to naive CD4 ϩ T cells [11] .
We previously showed that soluble and particle-associated TLR2 agonists have rapid effects on the FAE and DCs in mouse PPs by enhancing M cell transepithelial transport of microparticles and inducing migration of DCs into the FAE [7, 12] . The flagellin-TLR5 interaction initiates the same intracellular signaling pathways initiated by TLR2 agonists [4] , but the effect of flagellin on antigen uptake by the FAE and its associated DCs has not been examined. This study was designed to test the hypothesis that luminal flagellin, like other TLR agonists, may enhance antigen capture in PPs by influencing uptake functions of the FAE.
Materials and methods. Recombinant Salmonella dublin flagellin was generated and purified as previously described [13] . Briefly, oligonucleotide primers were designed on the basis of the full-length S. dublin flagellin fliC gene sequence (Genbank accession number M84973) and used for PCR amplimer generation. The amplimers were generated from S. dublin genomic DNA templates and were cloned into the p-PROEX vector (Life Technologies). This cloning strategy allowed for unidirectional amplimer insertion downstream of and in-frame with a 6-histidine residue (6HIS) tag and IPTG-inducible promoter present in p-PROEX. The resulting plasmid was transformed into competent Escherichia coli (Protein Express), selected, and then confirmed by sequence analysis (Cleveland Genomics). Fusion proteins were purified from E. coli lysate by affinity chromatography on a Ni-NTA column (Qiagen). Bound 6HIS-tagged protein was eluted with a buffer containing 50 mmol/L NaH 2 PO 4 (pH 8.0), 300 mmol/L NaCl, and 250 mmol/L imidazole and was analyzed by SDS-PAGE. Quantification of the purified fusion proteins was done using a NanoOrange Protein Quantitation Kit (Molecular Probes).
Luminal application of soluble S. dublin flagellin was performed through surgically ligated loops of mouse ileum. BALB/c female mice 6 -8 weeks of age (Charles River Laboratories) were maintained in laminar flow cages and were free of specific microbial and viral pathogens, as determined by plasma antibody screening. All animal procedures were performed in compliance with the guidelines for animal experimentation of Harvard Medical School, the Children's Hospital, and the National Institutes of Health. Mice were anesthetized by intraperitoneal injection of avertin (tribromoethanol in t-amyl alcohol; dose, 200 mg per kg animal weight), and a 3-5-cm segment of distal intestine containing a PP was ligated as described previously [7] . Immediately after ligation, the segment was injected with PBS containing 1-100 g/mL of flagellin. Segments injected with PBS alone served as controls. Where indicated, flagellin (10 g/mL) was injected in combination with (1:2) Fluoresbrite plain YG 0.2-m microspheres (Polyscience), or with 5 g/mL GM6001, a broad-range matrix metalloproteinase (MMP) inhibitor (Chemicon International). Animals were sacrificed 60 or 90 min after ligation and injection for M cell transport or DC migration experiments, respectively. PPs were excised, washed in cold PBS, immediately embedded in Tissue-Tek OCT embedding medium (Sakura Finetek), frozen in 2-methylbutane (Sigma), cooled with liquid nitrogen, and stored at Ϫ80°C until sectioned.
M cell transport efficacy and the migration of DCs were assessed in PP tissue sections (thickness, 3 m) as previously described [7] . Fluorescent-conjugated UEA-1 was used to label M cells (Vector Laboratories), and biotin-conjugated rat-antimouse-CD11c (BD Pharmingen), followed by StreptavidinAlexa555, were used to visualize DCs. Basement membranes were stained with rabbit anti-mouse laminin (ICN), followed by goat anti-rabbit-Alexa488 (Molecular Probes). To quantitate microparticle uptake and DC migration into the FAE, a standard area encompassing 0.04 mm 2 that included the FAE and underlying tissue was defined on each photograph. Within this area, all fluorescent microparticles associated with the FAE and within the tissue were counted. For DC migration, all CD11c ϩ cells located within the FAE segment were counted. Particles or DC counts from 4 FAE areas were totaled to obtain a "standard FAE sample" for each mouse. Data were expressed as the mean number of particles or DCs per standard FAE sample (n ϭ 4 mice).
Results. To determine whether flagellin can modulate uptake functions of the FAE, we visualized the transepithelial transport of 200-nm fluorescent polystyrene microparticles by the FAE in the presence or absence of flagellin. Purified S. dublin flagellin (10 g/mL) was injected into ligated intestinal loops of BALB/c mice, and PP tissues were collected 60 min later. Fluorescent microparticles within the FAE and subepithelial tissue were visualized in frozen tissue sections by confocal microscopy and were quantified as described in "Materials and methods." M cells were identified by labeling with fluorescent UEA-1 lectin, and DCs were identified by staining with anti-CD11c antibodies. Results showed that luminal applications of flagellin enhanced the uptake of microparticles in a concentration-dependent manner ( figure 1A) . Most (but not all) microparticles were associated with UEA-1 ϩ M cells ( figure 1B) . These results show that, The zinc-containing endopeptidases-MMPs-degrade many components of the extracellular matrix and can mediate release of certain cell-associated proteins. We have previously shown that DC migration into the FAE in response to soluble and particleassociated TLR2 agonists (PGN and proteosomes) was prevented by cotreatment with GM6001, a reagent that blocks the activation of MMPs [7, 12] . To determine whether MMPs are also involved in flagellin-induced migration of DCs into the FAE, flagellin (10 g/ mL), with or without GM6001 (20 g/mL), was injected into ligated intestinal loops of mice, and PP tissue was collected 90 min later. Microscopic observations indicated that GM6001 treatment prevented the increase in intra-FAE DCs induced by flagellin ( figure  2B ). Quantitative analyses confirmed that MMP inhibitors significantly blocked the flagellin-induced migration of DCs into the FAE ( figure 2C) .
Discussion. This study demonstrated that bacterial flagellin, an important mediator of bacterial pathogenesis and host innate immune responses in mucosal tissues, can influence the uptake of particles into PPs by modulating functions of the FAE and its associated DCs. Specifically, mucosal application of soluble S. dublin flagellin accelerated transepithelial transport of inert particles by M cells and caused the migration of subepithelial DCs into the FAE. These results suggest that soluble flagellin can facilitate the uptake and capture of particulate vaccines and microorganisms in MALT.
The mechanisms that govern the rate of transepithelial vesicular transport by M cells remain unknown. However, it is known that uptake of particles by M cells is accelerated in the presence of Salmonella enterica serovar Typhimurium [14] and that flagellin can stimulate signaling pathways in cultured intestinal epithelial cells [4] . Although TLR5 expression was observed primarily at the basolateral poles of polarized intestinal adenocarcinoma cells in vitro [3] , we have shown that TLR5 is present at the apical poles of both M cells and FAE enterocytes in vivo [7] . Thus, although it is possible that M cells may respond directly to luminal flagellin via TLR5-mediated signals, it is also possible that TLR5 stimulation of FAE enterocytes generates signals that affect the transport functions of neighboring M cells.
There is a growing body of evidence that chemokines released from epithelial cells can attract DCs into mucosal tissues and mediate migration of specific subpopulations of DCs into the subepithelial dome region of PP [5, 8, 9, 12] . Thus, it seems reasonable to assume that epithelial chemokines played a role in the flagellin-induced DC migration into the FAE that we observed. Of all DC-attracting chemokines, CCL20 is an obvious candidate because it is known that FAE cells constitutively express high levels of CCL20 [8] , flagellin can induce the release of CCL20 from epithelial cells [5] , and DCs are rapidly recruited into mucosal tissues via the interaction of CCL20 with its receptor CCR6 expressed on DCs [9] .
Our observation that MMP inhibitors inhibited flagellininduced DC migration into the FAE is consistent with this hypothesis. We have previously demonstrated that GM6001 can prevent the TLR2-dependent release of CCL20 from HEK cells in vitro and that in vivo treatment with GM6001 blocked TLR2-mediated DC migration into the FAE [12] . Because MMP substrates include many components of the extracellular matrix as well as cell-associated chemokines, local inhibition of MMPs in the mucosa could have prevented the establishment of a CCL20 gradient either by blocking CCL20 release from FAE cells or by degrading the extracellular matrix components responsible for CCL20 immobilization.
Like other TLR agonists, flagellin is currently being tested as an adjuvant in experimental vaccine formulations [15] . Because flagellin enhances mucosal uptake of particles by the FAE and may enhance capture of particles by mucosal DCs, we propose that it may be beneficial to use soluble flagellin in conjunction with particulate vaccines to promote vaccine/antigen uptake and sampling in organized mucosal lymphoid tissues. The observations presented herein are therefore important for designing mucosal vaccines, as well as for understanding bacterial pathogenesis and regulation of host immune responses in mucosal tissues.
